Abstract Nutrient dynamics, phytoplankton rate processes, and export were examined in a frontal region between an anticyclone and a pair of cyclones 120 km off the coast in the southern California Current System (sCCS). Low silicic acid: nitrate ratios (Si:N) and high nitrate to iron ratios (N:Fe) characteristic of Fe-limiting conditions in the sCCS were associated with the northern cyclone and with the transition zone between the cyclones and the anticyclone. Phytoplankton growth in low-Si:N, high-N:Fe waters responded strongly to added Fe, confirming growth limitation by Fe of the diatom-dominated phytoplankton community. Low Si:N waters had low biogenic silica content, intermediate productivity, but high export compared to intermediate Si:N waters indicating increased export efficiency under Fe stress. Biogenic silica and particulate organic carbon (POC) export were both high beneath low Si:N waters with biogenic silica export being especially enhanced. This suggests that relatively high POC export from low Si:N waters was supported by silica ballasting from Fe-limited diatoms. Higher POC export efficiency in low Si:N waters may have been further enhanced by lower rates of organic carbon remineralization due to reduced grazing of more heavily armored diatoms growing under Fe stress. The results imply that Fe stress can enhance carbon export, despite lowering productivity, by driving higher export efficiency.
Because opal is denser than seawater, enhanced diatom silicification under low Fe adds to the ballasting effect of diatom opal on particle export, potentially increasing the gravitational export of organic matter. However, the higher Si:N and Si:C ratios within diatoms under Fe stress reduces the amount of diatom organic matter exported for a given opal flux. The opposing influences of increased ballasting versus higher diatom Si:C and Si:N ratios make it difficult to predict the effect of low Fe on diatom-mediated organic matter export a priori. Here we used a Lagrangian experimental and sampling framework, together with drifting sediment traps, to examine the distribution of Fe, macronutrients, phytoplankton biomass, phytoplankton rate processes, and export along a frontal region located 120 km off the southern California coast. Our results point to the presence of low-Fe waters within a coastal-water cyclone and along the axis of the front, with strong effects on nutrient drawdown ratios, carbon export, and carbon export efficiency.
Methods

Sampling
The P1106 cruise was conducted 120 km to the southwest of Point Conception, California (Figure 1 ) aboard the R/V Melville from 18 June to 17 July 2011 as part of the California Current Ecosystem (CCE) LongTerm Ecological Research (LTER) program. Lagrangian-style process studies (referred to as ''cycles'') and two high-resolution spatial transects were conducted at locations relative to a frontal feature whose location was determined by real-time monitoring of the conditions using a Sea Soar and a Moving Vessel Profiler. Similar Lagrangian-style experimental designs have been conducted on previous CCE LTER cruises [e.g., Landry et al., 2009 Landry et al., , 2012 .
A total of six cycles were conducted targeting three areas: two on the oceanic side of the front, two within the frontal region, and two on the coastal side of the front. For brevity, these three areas will be denoted as oceanic, frontal, and coastal. Each cycle lasted 3 days starting near midnight of day one with the deployment of a surface drifter with a holey-sock drogue at 15 m [e.g., Stukel et al., 2011] and a surface-tethered sediment trap array with VERTEX PIT-style sediment traps at 100 m [Stukel et al., 2013] . CTD hydrocasts for nutrients, phytoplankton biomass, and phytoplankton rate processes were conducted on day one and on day two of each cycle, with day three activity limited to casts for hydrography and stock measurements.
Vertical profiles of Fe distribution were made on days one and two of each cycle using either a trace metal rosette with Teflon-coated 5 L X-Niskin bottles (Ocean Test Equipment) deployed on nonmetallic hydroline (Cycles 1-4) or Teflon-coated 12 L GO-Flo bottles (General Oceanics) mounted directly on the hydroline and tripped via Teflon messengers (Cycles 5 and 6). Sampling depths were determined from the meter readout on the winch for the GO-Flo casts, or based on pressure and triggered by an auto-fire module (Seabird Electronics) mounted on the rosette for the X-Niskin casts. GO-Flo or Niskin casts were performed immediately following a cast by the standard ship CTD rosette, and depths were chosen based on the real-time
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hydrographic data from the ship's rosette. GO-Flo or X-Niskin bottles were sampled inside a Class-100 trace metal clean van upon arriving on deck.
CTD/rosette casts involving phytoplankton rate measurements were conducted to depths of 500 m, and Niskin bottles were used to collect water in the upper 40-100 m, depending on euphotic zone depth. For rate process measurements (silica production, primary productivity), incubation bottles were secured to a surface-tethered productivity array in mesh bags and incubated in situ. Each sample was incubated at the same depth from which it was collected. Water sampling, water processing and array deployments were all done prior to sunrise on days one and two. After 24 h, the day one incubated samples from the array were retrieved and day two samples deployed. This same retrieval occurred on day three, followed by recovery of the sediment traps and drogue. Samples for rate assessments were processed immediately upon retrieval, and sediment traps were processed within a few hours.
In addition to the cycles, three high-resolution transects were conducted across the front from local sunset to local sunrise, with 10 planned stations spaced at an interval of 3 km. At each station, a CTD cast was made and water was collected from the upper 85 m. For logistical reasons, only nutrients and standing stock measurements were made on each transect, and no vertical profiles for Fe were taken. The first Figure 1 . Locations of stations sampled during the P1106 cruise relative to sea-surface-height anomalies (SSHa, in cm, colors and contours). The locations of Transects 2 and 3, and the Lagrangian process Cycles 1-6, are depicted. SSHa fields are for: (a) 22 June, (b) 29 June, (c) 6 July, and (d) 13 July 2011. Dates for each process station are listed (month/day). Symbols represent the different cycle types: oceanic (squares), frontal (triangles), and coastal (circles) or the high-resolution transects (Figures 1b-1d , small circles). Adapted from Krause et al. [2015] .
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transect was aborted part way through the operation. Here we report data from Transects 2 and 3 ( Figures  1b-1d) .
A 6-day on-deck incubation experiment was performed on the first day of Cycle 3 ( Figure 1b ) to investigate the relationship between nutrient ratios and Fe stress. The water was collected from 30 m using the trace metal rosette. Water from multiple X-Niskins was homogenized inside the clean van in a conditioned 50 L acid-cleaned carboy prior to subsampling into 4 L trace-metal cleaned polycarbonate bottles. Three bottles were left unamended to serve as controls, and three bottles were augmented with 5 nM FeCl 3 . All six bottles were sampled daily in a clean van for chlorophyll a (Chl a), and phytoplankton taxonomy and pigment measurements were made at initial and final time points only. Further details on the incubation experiment setup and results are presented elsewhere [Bundy, 2014] , but a subset of the data is used here to demonstrate the effects of Fe-limitation on the phytoplankton community.
Measurements
Seawater nutrient samples were filtered through 0.2 lm capsule filters (Supor Acropak), frozen, and analyzed for NO concentrations by autoanalyzer analysis on shore using standard CCE protocols (http://cce.lternet.edu/data/methods-manual), and an additional sample was refrigerated at 48C until analysis for Si(OH) 4 concentration (<4 h) at sea using a sensitive manual colorimetric method [Brzezinski and Nelson, 1995] . Chl a concentrations were determined by filtering 250 mL of seawater through glass fiber filters (GF/F), extracting in 90% acetone in the dark at 2208C for 24 h, and reading on a Turner 10AU fluorometer while at sea [Strickland and Parsons, 1972] . Samples for biogenic silica (bSiO 2 ) concentration were filtered through 0.6 lm polycarbonate filters and analyzed ashore as described by Krause et al. [2015] . Samples for particulate organic carbon (POC) were filtered through precombusted GF/F filters and analyzed by Dumas combustion on a CHN Analyzer at the Scripps Institution of Oceanography Analytical Facility.
Rates of primary production were measured using the 14 C bicarbonate method [e.g., Landry et al., 2010] following CCE LTER protocols (http://cce.lternet.edu/data/methods-manual). Rates of silica production were measured using 32 Si(OH) 4 as described by Krause et al. [2015] . Samples from PIT traps were analyzed for bSiO 2 and POC concentration as described by Krause et al. [2015] .
For depth profiles of total dissolved [Fe] , seawater subsamples were pressure-filtered (>99% N 2 AirGas) through precleaned 0.2 lm Acropak capsule filters (Acropak 200, VWR International) and immediately acidified to pH 1.8 using Optima grade HCl (2 mL/L, Fisher Scientific) in 250 mL low-density polyethylene (LDPE) bottles. Samples were stored for approximately 2 months and analyzed according to King and Barbeau [2011] using flow-injection analysis with chemiluminescent detection. Blanks were determined based on triplicate measurements of three separate blank samples, resulting in a blank of 0.083 6 0.023 nM (sd, n 5 72) and a detection limit of 0.070 nM (3 times blank SD). Sampling and analysis of Fe (SAFe) standards [Johnson et al., 2007] were run in addition to internal standards, yielding good agreement with reported values (S1: 0.11 6 0.02 nM, sd, n 5 39, D2: 0.93 6 0.07 nM, sd, n 5 36, GS 0.51 6 0.02 nM, sd, n 5 12; http://es.ucsc.edu/kbruland/GeotracesSaFe/kwbGeotracesSaFe.html).
Phytoplankton pigment concentrations were measured during the on-deck grow-out experiment by collecting 2 L samples and filtering immediately through GF/F filters. Filters were then placed in cryovials and stored in liquid nitrogen until analysis by high-performance liquid chromatography (HPLC) according to Zapata et al. [2000] . Phytoplankton cell abundances were measured by collecting 50 mL of unfiltered seawater, preserving with two drops of 10% formaldehyde and enumerating ashore using an inverted microscope using the Uterm€ ohl method [UNESCO, 1981; Uterm€ ohl, 1958] .
Sea surface height anomalies (SSHa) were used to examine the local eddy field. Data were produced by Salto/Duacs and distributed by Aviso (http://www.aviso.oceanobs.com). Data were contoured in Ocean Data View 4.6.2 (Schlitzer, R., Ocean Data View, http://odv.awi.de, 2014).
Results
Physical Context
We adopt the criteria for identifying the frontal region used by Krause et al. [2015] . They classified stations in the study region with average mixed-layer salinity of <33. oceanic, frontal, and coastal conditions, respectively. This classification scheme is used to define waters along the high-resolution transects and to categorize the stations occupied during each cycle (Table 1) . When this classification scheme is examined relative to sea surface height anomalies (SSHa) (Figure 1) , it is seen that the frontal region was a transition zone between an offshore anticyclone and an inshore pair of developing cyclones. The drifter tracks for each cycle indicate strong equatorward flow within the frontal region (Figure 1 ). Coastal stations were generally associated with the two cyclones and oceanic stations with the anticyclone (Figure 1 and Table 1 ). Frontal stations varied in their position relative to the gradient in SSHa between the anticyclone and cyclones (Figure 1 and Table 1 ).
Nutrient and Biomass Distributions on Transects
The most northern transect across the front, Transect 2, spanned the region between the offshore anticyclone and the northern cyclone (Figures 1b and 1c) . The anticyclone was moving south during the cruise (Figure 1 ), so the position of Transect 2 (conducted 2-3 July) relative to the anticyclone and transition zone is somewhat uncertain. Transect 2 sampled oceanic waters only at its southwest extreme where nearsurface silicic acid concentrations were low (<1.5 lM) and nitrate was undetectable (<0.1 lM) (Figures 2a  and 2b ). The remainder of the stations sampled on Transect 2 meet the salinity criteria for frontal waters (Figure 2a ), consistent with this transect being located largely within the transition zone between eddies ( Figure 1b) ; no coastal waters were sampled. Silicic acid concentrations in frontal surface waters were very low (<0.6 lM, Figure 2a ) and nitrate concentrations relatively high (>5 lM, Figure 2b ), especially in the region where horizontal salinity gradients were strongest (4-12 km section distance). Salinities exceeded 33.4, with very low silicic acid to nitrate (Si:N) ratios, <0.25, associated with the high-salinity water ( Figure  2c ). Salinity decreased shoreward, and silicic acid and nitrate concentrations increased to 1.5 lM and 3 lM, respectively with Si:N ratios remaining below 0.5 ( Figure 2c ). Both biogenic silica and Chl a concentrations were highest in low Si:N, high-salinity waters (Figures 2d and 2e ).
Transect 3 was performed to the southeast of Transect 2 with a similar northeast to southwest orientation ( Figure 1d ). Transect 3 was occupied 2-3 days after the acquisition of the data for the 13 July SSHa map shown in Figure 1d and is located in the SSHa trough between the two cyclones ( Figure 1d ). Nutrient concentrations and salinity were considerably higher below 80 m on Transect 3 compared to Transect 2 (Figures 2a and 2f) consistent with isopycnal shoaling beneath the cyclones. Like Transect 2, Transect 3 sampled oceanic waters only at its southwest extreme, but unlike Transect 2 coastal waters with salinities >33.5 were well sampled in the northeast. Horizontal salinity gradients within the frontal waters were stronger than on Transect 2, with near vertical isohalines in the upper 40 m (5-10 km along the section, Figure  1 ). Silicic acid concentrations above the nutricline in frontal waters were low (2 lM, Figure 2f ) compared to the coastal waters, but nitrate remained high (4 lM, Figure 2g ) leading to Si:N of <0.75 in frontal waters ( Figure 2h ). In the oceanic waters at the southwestern end of Transect 3, near-surface silicic acid concentrations decreased to between 1 and 2 lM and nitrate declined to undetectable levels (<0.1 lM), leading to very high Si:N ratios. In the inshore coastal waters, near-surface nitrate increased to 3 lM and silicic acid was present at concentrations in excess of 4 lM leading to Si:N ratios > 1 (Figure 2h ).
Both biogenic silica and Chl a concentrations showed that the distribution of phytoplankton biomass along Transect 3 differed from that observed on Transect 2. Frontal waters with low Si:N (<0.75) on Transect 3 contained relatively low biomass compared to elevated concentrations of both constituents inshore of the front in waters where Si:N was 1-2 (Figures 2i and 2j) . Chl a and biogenic silica concentrations in frontal waters were twofold to threefold lower than on Transect 2. Low biomass was also observed offshore in the oceanic water. Krause et al. [2015] describe the distributions of biomass, rate processes, and export on cruise P1106 relative to the distribution of frontal, coastal, and oceanic waters. Here we examine the effects of variations in water column Si:N on these same parameters. Each of the 18 station days during the six Lagrangian cycle studies was classified based on the average Si:N value present above the nutricline. Station days were then grouped according to their Si:N ratios based on relationships between diatom nutritional state and elemental composition. Si:N ratios between 1.0 and 2.0 were taken to represent the ratio of nutrient-replete diatoms, values <1 to represent an excess of nitrate over silicic acid relative to diatom demand under nutrient-replete conditions, and values of Si:N > 2 to represent waters with an excess of silicic acid over nitrate relative to
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diatom demand [Brzezinski, 1985] . The one exception to this scheme was Cycle 4. Nitrate and silicic acid had both been depleted to <0.3 lM above the nutricline on each station day within Cycle 4. Given the nearly equal concentration of silicic acid and nitrate in upwelled water along the California Coast [Zentara and Kamykowski, 1977] , these data imply strong nutrient drawdown within these coastal waters at a Si:N ratio near 1. However, calculated Si:N ratios based on residual nutrient concentrations remaining above the nutricline were between 0.9 and 2.5 (Table 1) because of small variations in low-residual nutrient concentrations. These ratios are ecologically meaningless as the low-residual silicic acid and nitrate concentrations cannot support significant growth or biomass increase. To avoid this artifact, all station days from Cycle 4 are categorized as being in the Si:N 5 1-2 category. Nutrient, Fe, and particle concentrations were examined in surface waters down to the top of the nutricline. The top of the nutricline was defined as one sampling depth shallower than the sampling depth where nutrient concentrations increased by at least 30% relative to the values in the surface layer (concentrations of both nitrate and silicic acid generally varied by <10% and usually <5% above the nutricline). The depth of the nutricline was determined using both silicic acid and nitrate, and its depth at each station was always the same when derived from either nutrient. Depth-averaged properties above the nutricline were calculated by trapezoidal integration to the top of the nutricline followed by normalization to the depth of integration. The station-day grouping resulted in average Si:N mole ratios of 90, 1.6, and 0.55 for the Si:N > 2, Si:N 5 1 -2 and Si:N < 1 categories, respectively (Table 1) .
The station-day groupings using the Si:N criteria differ from the oceanic, frontal, and coastal classifications based on salinity (Table 1 ). The Si:N > 2 category captures all station days from both of the oceanic cycles (Cycles 2 and 5). Si:N of 1-2 includes all station days from coastal Cycle 4 (see above). The low Si:N (<1) stations consist of all stations from frontal Cycles 1 and 6 and all stations from coastal Cycle 3. These cycle groupings formed the basis for all analyses of properties relative to the distribution of Si:N including the rates of export of biogenic silica and of POC (Table 1) .
Transect data imply that low Si:N waters should all be located in the front, but this is not the case for cycles. The distribution of Si:N within cycles becomes a coherent pattern when the station locations and dates are viewed in the context of the evolving eddy field (Figure 1 ). Cycles more closely associated with the (Figure 1c and Table 1 ). The precise position of each station relative to the transition zone is somewhat uncertain due the interpolation used to produce the contours of SSHa.
Indictors of Fe Stress and Response to Added Fe
Low Si:N ratios suggest an influence of Fe stress on diatom growth, which is known to cause the preferential depletion of silicic acid over nitrate off California [e.g., Bruland et al., 2001] . We used two approaches to evaluate whether changes in Si:N were related to Fe stress. First, we used the ratio of nitrate to total dissolved Fe as a proxy of Fe stress. King and Barbeau [2007] found that N:Fe ratios > 12 lM N:1 nM Fe are a strong indicator that phytoplankton nutrient consumption would drive a system to Fe-limitation. Examination of the N:Fe ratios across the three Si:N groupings during the present study show that average N:Fe values exceeded this threshold only for the low Si:N category (Figure 3 ) such that the Si:N and N:Fe proxies of Fe stress are entirely consistent.
Second, direct evidence of Fe stress in the low Si:N waters was obtained from the on-deck grow-out experiment conducted in waters with Si:N 5 0.2 (Cycle 3, station day 1, Table 1 ) where the addition of 5 nM Fe induced a phytoplankton bloom (Figure 4a ). By day 6, diatoms had increased in dominance in both the controls and in the 1Fe treatment, but with much greater diatom biomass attained with added Fe. In contrast, coccolithophores, which were initially (T 0 ) a significant fraction of pigment biomass (Figure 4b) , were a small fraction of the pigment biomass in both controls and in the 1Fe treatment after 6 days (T 6 , Figure 4b ). There was not a strong diatom species succession in either the controls or in the 1Fe treatments. The initial diatom assemblage was numerically dominated by Pseudo-nitzschia spp. (78% of diatom cells), with a 1% contribution by Chaetoceros spp. and a mixture of unidentified diatoms comprising the remaining 21%. Pseudo-nitzschia spp. remained dominant in both the controls and in the 1Fe treatment on day 6, comprising 74% of all diatoms in the 1Fe treatment and 61% in the controls, while Chaetoceros spp. comprised 1% of diatoms cells in both controls and in the 1Fe treatment. Unidentified diatoms increased slightly to 38% in controls and to 25% in the 1Fe treatment by day 6.
Nutrient and Biomass
Patterns as a Function of Si:N Si cycling in the upper water column varied significantly with Si:N despite similar average silicic acid concentrations in the mixed layer across Si:N categories; Si:N > 2 51.7 lM 6 0.2, Si:N 1 -2 5 0.9 lM 6 0.3, and Si:N < 1 5 1.7 lM 6 0.2 (mean and standard error). Offshore in oceanic waters that dominate the high Si:N category, nutrient concentrations are relatively invariant compared to coastal waters with silicic acid concentrations typically between 1 and 2 lM in this area of the Pacific, while other inorganic macronutrients (N, P) are present at nanomolar levels, leading to the average high Si:N of 90. For the other two Si:N categories, 
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ambient nutrient concentrations represent a depletion from source waters with a Si:N of about 1.2 [Zentara and Kamykowski, 1977] . Thus, where Si:N averaged 1.6, there had been nearly equal depletion of silicic acid and nitrate. In low Si:N waters, silicic acid depletion had exceeded that of nitrate with 4.1 6 0.8 lM of residual nitrate remaining on average, leading to the low mean Si:N of 0.55.
The average depth-weighted biogenic silica concentrations measured during the cycles were highest for the Si:N 5 1.6 group and lowest for the Si:N 5 90 group (Figure 5a ). Biogenic silica concentrations were also relatively low in the low Si:N waters (Figure 5a ). The pattern in average depth-weighted POC concentration as a function of Si:N was similar to that of biogenic silica with relatively low values observed in both high and low Si:N waters, with the highest concentrations present where Si:N averaged 1.6 (Figure 5a ).
Silica Production and Primary Productivity as a Function of Si:N
The depth-weighted average rates of silica production, q, and of primary production occurring above the nutricline show that the lowest rates of silica and primary production were measured in the oligotrophic, high Si:N waters ( Figure 5 ). Both rates were highest in waters where Si:N averaged 1.6, with intermediate rates observed for both parameters in low Si:N waters (Figure 5b ).
The ratio of silica production to carbon fixation provides insight into the fraction of total carbon fixation by diatoms. Biogenic silica production to organic carbon production ratios were 0.01 6 0.0, 0.02 6 0.0, and 0.04 6 0.00 (std. err.) in the high Si:N, intermediate Si:N, and low Si:N waters, respectively. The average Si:C within nutrient-replete diatoms is 0.13 [Brzezinski, 1985] . The low ratios observed across all three Si:N categories suggest considerable primary production by nondiatoms in all cases.
Biogenic Silica and Particulate Organic Carbon Export as a Function of Si:N
Observations of both low siliceous biomass and low silicic acid concentrations in the low Si:N waters imply that considerable biogenic silica had been exported during the development of the low Si:N condition. Measures of the gravitational export of biogenic silica at 100 m show a high average rate of biogenic silica export beneath low Si:N waters that was 2 and 30 times that observed beneath the intermediate and high Si:N waters, respectively (Figure 5c ), although rates were statistically similar in the intermediate and low Si:N categories (Figure 5c ). Similar trends were observed for POC export where carbon export was also inversely related to Si:N (Figure 5c ). The high rates of carbon export in low Si:N waters are driven in part by the very high POC export during frontal Cycle 6 (Table 1) . However, even for coastal Cycle 3, carbon export was comparable to that observed at cycles dominated by intermediate and high Si:N stations, supporting substantial POC export from low Si:N waters (Table 1 ). 
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Si:C export ratios were considerably higher than Si:C production ratios in all three Si:N categories (high Si:N 5 0.03, intermediate Si:N 5 0.78, low Si:N 5 0.86). The quotient of the average Si:C of exported particles and the average production rate ratio of silicic acid to inorganic carbon was 3, 38, and 37 for the Si:N > 2, Si:N 5 1-2, and Si:N < 1 waters, respectively. These high ratios imply the preferential export of biogenic silica over organic carbon consistent with the operation of a silica pump [Dugdale et al., 1995] .
Discussion
Origin of the Low Si:N Waters
The origin of the low Si:N waters encountered during this study is not known. The near vertical isohalines observed during Transect 3 (Figure 2f ) drive similar patterns in isopycnals [Krause et al., 2015] indicative of localized vertical mixing, while relatively strong along-front currents in the transition zone between eddies suggest that the low Si:N waters may have been advected a considerable distance. One point of certainty is that the extremely low Si:N ratios could not have arisen from mixing among water masses. Offshore, nitrate was severely depleted relative to silicic acid leading to high Si:N; inshore, silicic acid was generally present at similar or higher concentrations than nitrate. Vertical mixing of deeper waters would introduce deep waters with Si:N ratios of 1.2. These patterns rule out mixing as mechanism to produce low Si:N waters, which together with the relatively high salinity of the low Si:N waters, support the idea that the nutrient properties within the low Si:N waters evolved during phytoplankton nutrient consumption within previously upwelled waters. Krause et al. [2015] provide evidence that the two cyclones present during this study differed in their nutrient dynamics. Silicic acid concentrations in the southernmost cyclone were much lower (<0.2 lM) than in the northern cyclone, with strong experimental evidence for severe uptake limitation of Si in the south. The northern cyclone was best sampled during Cycle 3, where the on-deck bottle experiment performed on station day 1 (Figure 4) showed direct evidence of Fe-limitation. The geographic distribution of low Si:N waters in the transition zone suggests southward transport of low Si:N water from the northern cyclone, or beyond, along the axis of the transition zone. Drifter trajectories show strong southerly flow in the transition zone (Figure 1) , such that the low Si:N ratios observed during Cycle 6 in the southern portion of the transition zone near the southern cyclone likely originated farther north.
Indicators of Fe Stress
Significant silicic acid depletion occurs in upwelled waters off California as diatoms typically respond first to upwelling. Because of the excess silicic acid over nitrate in upwelled waters [Zentara and Kamykowski, 1977] , 
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diatom growth at a nutrient-replete diatom Si:N ratio of 1 [Brzezinski, 1985] would exhaust nitrate before silicic acid. Nitrate use by nondiatoms would enhance this effect. Both of these trends run counter to the production of low Si:N waters. The large deficit of Si observed with residual nitrate of >4 lM in low Si:N waters was more likely the result of the preferential depletion of silicic acid by a pelagic community experiencing Fe stress.
Ample evidence of Fe stress has been found off California, which has been described as a mosaic of Felimitation ]. Waters that upwell from 80 to 120 m depth off California are low in Fe due to a relatively deep ferricline [100 m; King and Barbeau 2011] . When low-Fe waters upwell near the coast in areas with narrow continental shelves, the waters do not interact strongly with sediments and remain low in Fe [Bruland et al., 2001; Biller and Bruland, 2014] . Similarly, waters upwelling offshore due to local wind stress curl or to eddy interactions are also isolated from sediments and remain Fe poor [King and Barbeau, 2011] . Either mechanism would bring ample silicic acid and nitrate to the surface to support considerable phytoplankton biomass production, but insufficient Fe would eventually drive the system to Fe stress. Both the high N:Fe and low Si:N indices of Fe stress provide complementary evidence that conditions of Fe stress had evolved in frontal and nearby coastal waters, which is also supported by direct experimentation in the grow-out experiment during coastal Cycle 3 (Figure 4 ).
Si and Fe Colimitation and Species Effects
Experiments in the eastern equatorial Pacific suggest that Si and Fe can be colimiting factors regulating both nutrient biogeochemistry and diatom species composition [Marchetti et al., 2010; Brzezinski et al., 2011] . Brzezinski et al. [2011] found that silicic acid concentration controlled the rate of silica production in the eastern equatorial Pacific, while Fe-controlled diatom growth rates. A similar situation may be operating off California. In their analysis of CCE Cruise P1106 data, Krause et al. [2015] show that additions of silicic acid to low Si:N waters enhanced silica production by nearly a factor of three, while the Fe addition to low Si:N waters in our on-deck grow-out experiment clearly enhanced diatom growth (Figure 4 ). It may be that Si and Fe colimitation is a common feature in Low-Si High-N Low-Chlorophyll waters.
Studies in the equatorial Pacific [Marchetti et al., 2010; Brzezinski et al., 2011] and in the subarctic Pacific [Durkin et al., 2013] show that relief from Fe stress can induce a diatom species succession. How species composition shifts in response to low Fe contribute to non-Redfield nutrient dynamics is unclear. For example, Marchetti et al. [2010] showed the addition of both Si and Fe to low-Fe equatorial waters produced heavily silicified diatoms with low organic matter content. This would imply that, at least in that case, the species effect runs counter to the physiological response to added Fe that results in less-silicified, more organic-rich diatoms. In the Southern Ocean, Fe addition favored diatom taxa with high carbon content (low Si:C) over more heavily silicified forms [Assmy et al., 2013] . In the present study, the addition of Fe did not result in a strong shift in diatom species composition in the one experiment conducted in low Si:N waters, despite considerable increase in diatom biomass. It is clear that Fe availability affects both diatom physiology and community structure, but there is considerable unexplained variation in the observed responses.
Effects on Production and Export
Low Si:N waters had lower rates of both organic carbon and silica production ( Figure 5a ) and intermediate concentrations of both POC and biogenic silica compared to cycles with average Si:N of 1.6. These patterns together with the high rate of silica export beneath low Si:N waters indicate higher biogenic silica export efficiency in low Si:N waters. Enhanced export of biogenic silica from low Si:N waters is consistent with increased ballasting due to increased diatom biomass and/or increases in frustule thickness under low Fe ]. Carbon export was also relatively high in the low Si:N waters (Figure 5c ), suggesting that increased mineral ballasting also enhanced the export of POC.
Insights into how Fe stress may have affected Si and C export efficiency and the relative contribution of diatoms and nondiatoms to carbon export can be gained by comparing the composition of suspended and exported particles to known shifts in diatom Si:C ratios under low and high Fe conditions. Nutrient-replete diatoms have a cellular Si:C mole ratio of 0.13 [Brzezinski, 1985] . That ratio is likely appropriate for the diatoms at stations where Si:N ratios were close to Redfield [Si:N 5 1, Brzezinski, 1985] . For sites in the Si:N 5 1.6 category the Si:C export ratio was 0.78, which is 6 times that expected for intact nutrient-replete diatoms,
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implying a large contribution of diatoms to export. Organic matter tends to be remineralized faster than opal, so even in a phytoplankton community consisting of all diatoms, Si:C export ratios would be expected to exceed 0.13. This simple calculation implies a significant fraction of carbon export by diatoms in the intermediate Si:N waters, with a preferential loss of POC over biogenic silica in the upper 100 m.
Diatoms are estimated to be minor contributors to C export in the oligotrophic high Si:N oceanic waters where Si:C of exported particles was 0.03, implying an upper limit to the contribution of diatoms to C export of 23% [(0.03 4 0.13)]. A high contribution of diatoms to C export is estimated for the low Si:N waters where the Si:C export ratio averaged 0.86, which is over 6 times higher than expected for nutrient-replete diatoms. In this case, estimates of carbon export by diatoms must account for the higher diatom Si:C ratios observed under Fe stress. Diatom Si:C ratios increase by a factor of 4-6 under low Fe [Franck et al., 2000; Brzezinski et al., 2003; Hoffman et al., 2006] , which is close to the observed Si:C export ratio in low Si:N waters. Under this condition, diatoms are estimated to account for a high fraction of C export, (0.86 4 (4 3 0.13) 5 up to 165%). While these estimates have large uncertainty, they imply that silica ballasting in phytoplankton communities developing under Fe stress have the potential to maintain high carbon export with diatom carbon accounting for a significant fraction of POC export.
The enhanced ballasting of diatoms under low Fe may also enhance the export of nondiatom POC when these particles aggregate with heavily ballasted diatoms. Another factor potentially contributing to the high POC export in low Si:N waters is that Fe stress is not chronic off California. Rather, it evolves as phytoplankton productivity depletes upwelled nutrients. Freshly upwelled waters with high macronutrient:Fe ratios may initially have ample Fe [>0.5 nM Fe; Biller and Bruland, 2014] to drive considerable production before decreasing Fe concentrations induce a stress response. Thus, the preferential depletion of silicic acid over nitrate, diatom frustule thickening and other responses to low Fe evolve over time from an initial nutrient-replete state. A temporal evolution of Fe stress may affect organic matter production and diatom silica metabolism differently than would chronic Fe stress, possibly increasing biogenic silica and carbon production and altering export.
Conceptual Model of the Impacts of Fe
Our results provide insights into how waters with varying N:Fe and Si:N ratios affect diatom productivity and export well offshore of the area of coastal upwelling along California (Figure 1 ). A conceptual model for how Fe affects diatom nutrient consumption ratios, air-surface CO 2 flux, and export based on our data set is shown in Figure 6 . Waters upwelling off California contain high concentrations of both silicic acid and nitrate in a ratio of approximately 1.2 [Zentara and Kamykowski, 1977] . Upwelling waters that interact extensively with sediments also contain relatively high concentrations of Fe, compared to those that do not, leading to initially low, or initially high Si:Fe and N:Fe ratios, respectively (Figures 6a and 6b) . With both ample Fe and ample macronutrients (Figure 6a ), diatom blooms consume nutrients in Redfield proportions resulting in lower total [Fe] , the near complete depletion of nitrate, a small pool of residual silicic acid and a strong initial uptake of atmospheric CO 2 (Figure 6c ). In contrast, with initially high nitrate and low Fe (Figure  6b ), the ensuing bloom is driven to Fe stress, reducing nitrate and carbon consumption compared to silicic acid. The net result is an excess of nitrate over silicic acid, lower initial atmospheric CO 2 uptake, and fewer, more heavily silicified, less organic-rich diatoms (Figure 6d ).
Making these scenarios consistent with the evidence for higher export efficiency beneath low Si:N waters ( Figure 5 ) can be achieved by mechanisms that lead to relatively lower POC export efficiency under high Fe (Figure 6c ). The thinner frustules produced with ample Fe would enhance POC remineralization by making the less well-armored diatoms more susceptible to grazing and increasing diatom residence times in surface waters through reduced sinking rates. Both factors allow more time for C remineralization and respiration in the upper water column, partially countering the atmospheric CO 2 uptake (Figure 6c ). In contrast, the more heavily ballasted diatoms produced under low Fe sink faster and are better armored against grazing [Smetacek, 2001; Hamm et al., 2003] , resulting in proportionately less respiratory losses in plankton communities experiencing low Fe and thus increased POC export efficiency (Figure 6d ). The net result is similar DIC use, net atmospheric CO 2 exchange, POC production and carbon export with low and high Fe, but enhanced silica export under low Fe (Figure 6 ).
Global Context
Our results have implications for how upwelling Si:N ratios affect nutrient cycling and export in other upwelling-dominated HNLC regions like the Southern Ocean, coastal Peru, or the eastern equatorial Pacific.
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In each region, upwelling brings inadequate iron to the surface for phytoplankton to completely utilize upwelled nitrate; however, the Si:N ratio in upwelled waters varies among systems altering how evolving Fe stress affects net opal production and the importance of silica ballasting for export. To first order, the impact of variation in upwelling Si:N can be illustrated mathematically by comparing the ratio of the Si:N in upwelled water, (Si:N) upwelled, to that in diatoms, (Si:N) diatom . When (Si:N) upwelled > (Si:N) diatom the system is driven towards nitrate depletion with excess silicic acid remaining. Conversely, when (Si:N) upwelled < (Si:N) diatom silicic acid depletion is favored with excess residual nitrate. Given that (Si:N) diatom varies between 1 and 4 under high and low Fe, respectively, and that (Si:N) upwelled in most HNLC regions is between 1.2 and 2.3, there is an implied switch from nitrate to silicic acid depletion when considering a high versus a low Fe condition. Because calculated silicic acid use is complete under low Fe, and incomplete under high Fe, the fractional increase in net where (Si:N) diatom 5 1 reflecting high Fe. Note that actual changes in total net silica production will differ from calculated values if recycled N drives a silica pump [Dugdale et al., 1995] . Thus, we view the calculated values as indices, rather than strict measures, of the potential for upwelling Si:N to mediate the diatom silica production and export.
Of all HNLC regions, the Peru coastal upwelling system is most similar to the California Current System (CCS). Both the Peru and CCS systems are eastern boundary currents marked by strong coastal upwelling that exhibit HNLC conditions. Both have intermediate Si:N in upwelling source waters with a value of 1.2 in the CCS [Zentara and Kamykowski, 1977] and of 1.6 off Peru [Dugdale et al., 1995; Bruland et al., 2005] . Like the CCS, waters upwelling over narrow continental shelves off Peru are low in Fe relative to macronutrients leading to the development of low Si:N ratios in surface waters over time [e.g., Dugdale et al., 1995; Hutchins et al., 2002; Bruland et al., 2005] . In both systems, diatoms respond strongly to Fe, but have been observed to become codominant with other taxa off Peru Hutchins et al., 2002] . Equation (1) implies that low Fe amplifies total net opal production by only 17% in the CCS and by 38% off Peru (Figure 7) . The small increase in production in the CCS suggests that the main effect of low Fe in this system is likely the production of more heavily ballasted, thickershelled, diatoms as illustrated by , with increases in total net silica production playing a larger role off Peru.
The oceanic HNLC regions of the Southern Ocean and eastern equatorial Pacific lie at the high and low extremes of upwelling Si:N ratios in HNLC regions, respectively (Figure 7) . Si:N upwelling ratio in the Antarctic circumpolar current is 2.3 [e.g., Pondaven et al., 2000] . In this case, low Fe increases total net silica production by 57% ( Figure  7) . Thus, in the Southern Ocean, both nitrate-driven silica production and the potential for silica export each more than double with low Fe, such that shifts in the mass of opal produced with varying Fe may affect export to a greater degree than would frustule thickening. At the opposite extreme is the eastern equatorial Pacific (EEP) where upwelled Si:N is less than the nutrient-replete diatom ratio of 1 with values near 0.6 [Chai et al., 2002] , and shifts in Fe stress have no effect on potential nitrate-based total net silica production. Ample nitrate exists to support complete silicic acid depletion under both low Fe and high Fe (equation (1) and Figure 7 ) consistent with Si depletion following Fe addition in the EEP [Brzezinski et al., 2011] .
Summary
We have documented that Fe-limitation in waters of the southern California coastal upwelling region can have significant impacts on diatom-mediated carbon export via the silica ballasting effect, as first hypothesized by . Fe stress produced high Si:N consumption ratios leading to high rates of opal export well offshore of coastal upwelling. Increased silica ballasting in low Si:N waters increased export efficiency facilitating relatively high rates of POC export under low Fe. A future goal is to test the prediction of our conceptual model (Figure 6 ) that POC export is also modulated by Fe-induced changes in respiratory losses through grazing and POC remineralization in surface waters. Our findings have implications for the role of Fe- (1) predicting a negative increase in silica production for all values of upwelled Si:N that are less than the Fe-replete diatom Si:N ratio of 1. In these cases, there is sufficient N present to deplete all Si under both low and high Fe and the percent increase in silica production is effectively zero.
Journal of Geophysical Research: Oceans
10.1002/2015JC010829
limitation on the global scale in enhancing carbon export via silica ballasting or in enhancing total net silica production in HNLC regimes, depending on the Si:N ratio of upwelled source waters.
